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Abstract 
 Two novel devices for use in neutron imaging technique are introduced. The first one is a high-performance 
optical lens for video camera systems. The lens system has a magnification of 1:1 and an F value of 3. The optical 
resolution is less than 5 μm. The second device is a high-resolution fluorescent plate that converts neutrons into 
visible light. The fluorescent converter material consists of a mixture of 6LiF and ZnS(Ag) fine powder, and the 
thickness of the converter is material is as little as 15 μm. The surface of the plate is coated with a 1 μm-thick 
gadolinium oxide layer. This layer is optically transparent and acts as an electron emitter for neutron detection. Our 
preliminary results show that the developed optical lens and fluorescent converter plates are very promising for high-
resolution neutron imaging.   
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1. Introduction 
 Improvement of spatial resolution is one of the most important issues in neutron radiography [1]. In 
particular, the visualization of water behaviour in polymer electrolyte fuel cells (PEFCs) is in demand, 
and higher spatial resolution is required for the observation of the thin layers in PEFCs [2]. In general, the 
spatial resolution of neutron radiography is subject to several factors; collimator geometry, fluorescent 
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converters, and detection system. The improvement of the geometry of the collimators is described 
elsewhere [3]. In this paper, we present developments relating to the other two devices. 
 The spatial resolution of fluorescent converters is contrary to their detection efficiency. A thicker 
layer increases the efficiency, but has poorer resolution owing to blurring. The deposition of gadolinium 
oxide on the surface of fluorescent converters is expected to be a good solution for this problem, because 
a thin gadolinium oxide layer is optically transparent and effectively converts captured neutrons to 
electrons. A prototype of this converter screen is developed and applied to a neutron radiography 
experiment.  
 Currently, digital video camera systems are widely used in many neutron radiography facilities. The 
optical lens system is one of the most important instruments for high-definition imaging. The system is 
required to have not only high resolution but also for good light emission efficiency. However, there is no 
conventional optical product that meets these requirements; therefore, a new high-performance optical 
system has been developed in collaboration with a company.  
 Herein, we describe these two new developments. 
 
2. Instruments 
2.1. High-Performance optical lens system 
 
 The specifications of the lens system are simple: 
• Magnification of 1:1  
• Smaller F value (~3)  
• Resolution is better than the pixel size of typical video cameras (<10μm) 
• Field of view has a size similar to that of image sensors (~ø20mm) 
A 1:1 magnification is a reasonable solution, because a symmetric lens arrangement can be adopted [1]. 
An F value of 3 is a compromise between the size and cost.  
 The lens system was manufactured by SIGMA KOKI Co., Ltd. Fig. 1 shows a photograph of the setup 
and the layout of the lens system. A single mirror that consists of an aluminum-coated quartz substrate, 
was installed in the lens barrel. A mechanical stage was attached on the top of the lens system. This stage 
adjusts the fluorescent converter to the optimal position.  
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Fig. 1 Setup of the lens system and the optical lens layout of the system 
 
 The optical resolution of the lens system was evaluated by the observation of a 1951 USAF resolution 
test chart. Focal images of the chart were taken by a CCD camera using an objective lens. The image is 
shown in Fig. 2 and a line pair with a width of 5 μm is clearly observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 The result of the optical resolution evaluation. The image was taken by a CCD camera using an objective lens. 
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Fig. 3 Schematic of a cross-sectional view of the novel converter plate. 
 
2.2. Fluorescent converter plates 
 
 The fluorescent converter plates were fabricated by CHICHI FUJI Co., Ltd. The material is a mixture 
of 6LiF and ZnS(Ag) fine powder. The thicknesses of the layers were 15 μm, 30 μm, and 50 μm. The 
thinnest converter was expected to have the best resolution but the poorest efficiency. We have fabricated 
a prototype of gadolinium-oxide-layer-coated fluorescent converter plates. The layer was formed by a 
laser ablation deposition method using a 100 m/J YAG Laser (wave length: 532 nm) with a repetition of 
10 Hz. The thickness of the deposited layer was approximately 1 μm. The layer was optically transparent 
and acted as an electron emitter for neutron detection. Fig. 3 shows the schematic of a cross-sectional 
view of the converter plate.  
 
3. Experiments 
 
 Another special type of a fluorescent converter plate was made for the evaluation of neutron capture 
efficiency. One half of the plate was coated with gadolinium oxide, and the other half was uncoated. 
While the thickness of the coated layer was not uniform, the maximum thickness was approximately 
1 μm. The experiments were performed at the Research Reactor Institute, Kyoto University.  
 Fig. 4 shows a schematic of the test converter and neutron transmittance distribution, and Fig. 5 
presents the neutron transmittance profile, respectively. Only 1-2 % of the neutrons were captured by the 
15 μm-thick converter layer without the gadolinium oxide coating. However, even though the deposition 
of gadolinium oxide was not homogeneous, more than two times the number of neutrons was captured by 
the coated region.  
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Fig. 4 (a) Schematic of a special type of converter plate for evaluation of neutron capture efficiency. (b) Neutron 
transmission distribution of the converter  plate. 
 
 
 The light emission properties were evaluated for three types of converter plates: 15 μm-thick 
fluorescent converter layer with a 1 μm-thick gadolinium oxide coating; 30 μm-thick without a 
gadolinium oxide coating; and a 50 μm-thick converter layer without a gadolinium oxide coating. The 
size of the plates was 30 mm x 30 mm. Fig. 6 shows the shading (no sample) image of the coated layer, 
and it can be seen that the uniformity of the fluorescence is good. The results obtained for the light 
emission efficiency are shown in Fig. 7. The red circles indicate the mean values of the CCD readout, and 
the blue triangles represent the values divided by the thickness of the given plate. It can be clearly seen 
from the figure that the gadolinium-oxide-coated converter had an efficiency of greater than 20 % higher 
per μm.  
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Fig. 5 Projection of neutron transmittance in the neutron images in Fig. 4 (b). The right half of the plate was coated 
with gadolinium oxide, on the other hand, the left half was not coated.  
 
 
 
Fig. 6 Fluorescence image of the 15 μm-thick fluorescent converter layer with a 1 μm-thick gadolinium oxide 
coating.   
 
 
 A preliminary spatial resolution test was also performed. As shown in Fig. 8, the neutron radiograph 
of a new line-pair indicator [4] was taken using both the lens system and the fluorescent converter. The 
image was taken by a CMOS-type digital video camera with an image intensifier. The total exposure time 
was 10 seconds and neutron flux was of the order of 107 n/cm2/s. Unfortunately, the resolution was poorer 
than expected. This result was due to the pixel size of the camera, which was approximately 30 μm, and 
thus the image resolution was degraded.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 T. Sakai et al. /  Physics Procedia  43 ( 2013 )  223 – 230 229
 
Fig. 7 Results of the light emission efficiency. The red circles indicate the mean values of the CCD readout, and the 
blue triangles represent the values divided by the thickness of the given plate. The dotted line is guide for eyes.  
 
 
 
 
 
Fig. 8 (a) Schematic of the line-pair patterns on a new indicator. Details of the indicator are described elsewhere [4].  
(b) A preliminary neutron radiograph of the indicator. 
 
4. Summary 
  
 Our preliminary results show that the developed optical lens has a satisfactory resolution with an F 
value of 3 and that the gadolinium-oxide-coated fluorescent converter plates are effective for increasing 
the neutron detection efficiency. Therefore, these devices are very promising for high-spatial-resolution 
neutron imaging.  
After the JRR-3M at the JAEA [5] is operational again, a detailed evaluation of the spatial resolution 
will be performed. A high sensitivity EMCCD camera (Hamamatsu Photonics, C9100-02) [6] whose 
pixel size is 8 μm, will be used for the evaluation. 
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